Introduction: As work begins towards the Sustainable Development Goal target of reducing the global maternal mortality ratio (MMR) to less than 70 deaths per 100,000 live births by 2030, much needs to be done in ending preventable maternal deaths. After 1990, South Africa experienced a reversal of gains in decreasing maternal mortality, with an increase in HIVrelated maternal deaths. In this study, we assessed trends in maternal mortality in HIV-infected women, on a background of an evolving HIV care programme. Methods: This was a cross-sectional, retrospective record review of maternal deaths in the obstetrics unit at Chris Hani Baragwanath Academic Hospital, in Johannesburg, South Africa, a referral hospital in a high HIV prevalence setting where the prevalence among pregnant women has plateaued around 29.0% for the past decade. Trends in HIV diagnosis and management in pregnancy, and causes of maternal deaths in HIV-infected women were analysed over different time periods (1997 to 2003, 2004 to 2009, 2010 to 2012, and 2013 to 2015) reflecting major guideline changes. 
| INTRODUCTION
Decreasing maternal deaths remains a global priority. While progress has been made, many countries failed to achieve the Millennium Development Goal 5 (MDG 5) target of reducing the maternal mortality ratio (MMR) by 75%, between 1990 and 2015 [1, 2] . As work begins towards the Sustainable Development Goal target of reducing the global MMR to less than 70 deaths per 100,000 live births by 2030, much needs to be done in ending preventable maternal deaths [1, 3] . While a large proportion of maternal deaths are still due to direct obstetric causes, such as haemorrhage, hypertension, sepsis, and complications of unsafe abortion, the past 20 years saw an increase in HIV-related maternal deaths, with an estimated 90% of these occurring in sub-Saharan Africa [1, 4] .
South Africa, one of the sub-Saharan countries with a high HIV prevalence among women of reproductive age, experienced an increase in the MMR in the late 1990s and in the first decade of the 2000s, largely due to the HIV epidemic [1, 5, 6] . There has been some reduction in HIV-related maternal deaths in the country since the scale-up of antiretroviral therapy (ART) [6, 7] . However, HIV infection still contributes significantly to maternal deaths in South Africa, with almost a third of deaths in 2015 estimated to be AIDS-related [8] .
HIV-infected women experience excess pregnancy-related mortality compared with HIV-uninfected women [9, 10] . A systematic review found an eight-fold increased risk of mortality in HIV-infected pregnant and postpartum women compared to uninfected women [9] . In the review, only two studies from sub-Saharan Africa included women on ART and most were initiated at very low CD4 counts [9] . Hence, data are limited on the effect of ART on HIV-attributable maternal mortality, in high HIV prevalence settings, as they predate the expansion of HIV programmes, evolution of HIV management guidelines and widespread availability of ART [9, 10] . There remains a need to identify the leading causes of maternal mortality in HIV-infected women, and also the characteristics of women who die, if we are to decrease HIV-related maternal deaths [11] .
In this 19-year review, we assessed trends in maternal mortality and leading causes of death in HIV-infected women, in a referral hospital in Johannesburg, South Africa, on a background of an evolving HIV care programme.
| METHODS

| Study setting
The study was conducted at Chris Hani Baragwanath Academic Hospital (CHBAH), a referral hospital in Soweto, Johannesburg, an area of mixed urban and informal settlements. The obstetrics unit at CHBAH is a high-volume unit, with 19,804 live births recorded for 2015. Low-risk births are conducted in midwife-run clinics in Soweto. Antenatal care is provided at around 60 community health centres, with referral of high-risk pregnancies to the CHBAH antenatal clinic. Between 3% and 5% of women who give birth at CHBAH access antenatal care at the hospital (District Health Information System data). The area served by the hospital is a high HIV prevalence setting, and the HIV prevalence among pregnant women peaked at 30 .7% in 2004, and has plateaued around 29.0% for the past decade (Unpublished PMTCT programme data). The figures are similar to those in published South African antenatal surveys [12] .
South Africa has seen a rapid evolution of prevention of mother-to-child transmission of HIV (PMTCT) and ART guidelines. ARVs for PMTCT became available only in 2002, and between then and 2008, when short-course antepartum zidovudine was introduced, only single-dose nevirapine was available [13, 14] . ART was introduced in South Africa in 2004 [15] , and universal coverage for ART in pregnant women, i.e. ≥80% coverage, was achieved in the Soweto PMTCT programme in 2012 (Unpublished PMTCT programme data). Up to 2013, when ART became available for all HIV-infected pregnant women, CD4 count threshold or World Health Organization (WHO) clinical stage determined ART eligibility [16, 17] . Option B+, lifelong triple therapy for all pregnant women, regardless of CD4 count or WHO stage, was adopted in South Africa in January 2015 [18] . HIV-infected pregnant women seen at the Soweto facilities and at CHBAH were managed and continue to be managed according to the South African PMTCT and ART guidelines.
| Study design
This was a cross-sectional retrospective record review of maternal deaths in the obstetrics unit at CHBAH from January 1997 to December 2015. Since 1997, maternal deaths have been notifiable in South Africa, and the antenatal and hospital admission records for all maternal deaths have been kept safely in the offices of the obstetrics unit, at CHBAH. Data were extracted from these records and transcribed onto a structured data extraction tool. Data on the following parameters were collected: demographics, history of HIV diagnosis and management, details of antenatal care, admission details, laboratory and radiological investigations, delivery details, and clinical information about the circumstances of the deaths. The hospital registers and the National Health Laboratory Services (NHLS) were accessed for any information and laboratory test results that were missing in the patient records. Two obstetricians were involved in the data collection, verification and validation. One obstetrician viewed the original case notes and entered the data onto the extraction tool. The South African National Committee for Confidential Enquiries into Maternal Deaths (NCCEMD) classification was used to categorise causes of maternal deaths, and the two obstetricians were responsible for assigning the cause of death for each case [8] . The NCCEMD provides ten disease categories for the cause of death and these are: hypertension, obstetric haemorrhage, ectopic pregnancy, miscarriage, pregnancy-related sepsis, anaesthetic complications, embolism, acute collapse (cause unknown), non-pregnancy related infections, and medical and surgical disorders. There is also a category for unknown, where the cause of death could not be determined. For each category, there are conditions listed to guide in determining the cause of death. The second obstetrician, who is a former member of the NCCEMD, reviewed all the data on the extraction tool and entered the data into Epi-Info software © . Queries and disagreements about the causes of death were resolved by review of the case notes and consensus between the two obstetricians.
Results on the overall causes of maternal deaths and the MMR up to 2012 have been published elsewhere [7] . This study analysed trends in maternal mortality and leading causes of deaths in HIV-infected women, over different time periods reflecting evolving HIV management and PMTCT guidelines. The four time periods are: (1) 1997 to 2003: no ART was available for lifelong treatment, and only single-dose nevirapine was available for PMTCT [13] . All pregnant women were offered routine HIV testing and this period saw a rapid increase in the HIV prevalence among pregnant women attending antenatal care facilities in South Africa 
| Data analysis
Data were categorised into the four time periods described above, and analyses were done with Stata â version 13.0 (Stata Corporation, College Station, USA). Continuous data (gestational age, CD4 count, days in hospital) were summarised using medians with interquartile ranges (IQRs). All other variables were categorical and analysed using proportions and percentages, with 95% confidence intervals (CI) where appropriate. The overall institutional MMR (iMMR) was calculated using the number of live births at CHBAH, during the four time periods. To calculate the HIV status-specific iMMR, the number of live births in HIV-infected and HIVuninfected women was estimated using the HIV prevalence among pregnant women attending antenatal clinics in Soweto [12, unpublished PMTCT data]. The HIV prevalence was calculated for each of the four time periods. For the groups of women with unknown HIV status at the time of death, the iMMR could not be determined as no data were available on the proportion of women with unknown HIV status at the time of delivery. Therefore, a sensitivity analysis was done by imputing time-period and cause-of-death specific HIV seropositivity proportions to women with unknown HIV status. Inferential analyses included tests of association by Chi-squared or Fisher's exact tests for categorical data, and Chi-squared test for trend where appropriate. The Wilcoxon rank-sum test was used for comparison of continuous data. Statistical significance was accepted as the two-tailed p < 0.05.
| RESULTS
From January 1997 to December 2015, a total of 692 women died at CHBAH during pregnancy or within 42 days of delivery, of whom 490 (70.8%) had documented HIV status -335 HIV-infected and 155 HIV-uninfected. The demographics of all the maternal deaths during the study period are presented in Table 1 . Just over a half of all deaths, 55.0% (376/684), occurred in the age group 25 to 35 years, with a higher proportion of deaths among HIV-infected women in this age group at 60.9% (204/335). In the 614 maternal deaths with antepartum information, 76.4% (n = 469) accessed antenatal care, with the majority accessing care at a gestational age of 20 weeks or later. There was an increase in the proportion of HIV-infected maternal deaths who had no antenatal care in the later time periods, with almost one-third from 2013 to 2015 not accessing antenatal care (p = 0.008). Also, a high proportion of women with unknown HIV status had not accessed antenatal care throughout the review period. Table 3 . Women with unknown HIV status were more likely to die within the first 24 hours of admission, with a median time from admission to death of one day (IQR 0 to 3), less than in women with known HIV status, who died after a median of three days (IQR 1 to 7), p < 0.001. Among HIV-infected women, the median time from admission to death was three days (IQR 1 to 7), while that in HIV-uninfected women was two days (IQR 1 to 6), p = 0.011. The median gestational age at delivery or death was lower among HIV-infected women (31 weeks; IQR 27 to 35 weeks) compared with HIV-uninfected women (35 weeks; IQR 31 to 38 weeks), p < 0.001. In the later time periods, women with unknown HIV status died at a relatively early gestational age, median of 28 weeks (IQR 18 to 35) in 2010 to 2012, and 17 weeks (IQR 10 to 26) in 2013 to 2015 (Table 3) .
The causes of death in all women who died during the study period are presented in Table 4 . Non-pregnancy related infections were the leading cause of death in HIV-infected women throughout the review period, accounting for 61.5% (206/335) of deaths. The proportion of deaths due to these infections, among HIV-infected women, peaked in 1997 to 2003 at 69.0% (49/71), with a decrease to 44.9% (22/49) in 2013 to 2015, p < 0.001 (Table 2) . Among the non-pregnancy related infections, the leading causes of death were respiratory infections, accounting for 56.3% (116/206) of the deaths. Tuberculosis, pulmonary and extrapulmonary, accounted for 32.5% (67/206) of the non-pregnancy related infections. Of the HIV-infected women who died of non-pregnancy related infections and had antepartum CD4 count testing, 79.3% (65/ 82) had a CD4 count ≤200 cells/ll, compared with 31.4% Table 1 . Demographic data in maternal deaths of HIV-infected and HIV-uninfected women, and women with unknown HIV status (n; %), n Table 4 ). This proportion was applied to the 11 women whose HIV status was unknown, giving nine HIV-infected and two HIV-uninfected women. The process was repeated for all seven cause-of-death categories as shown, for each of the four time periods. For women thus assumed HIV-infected, the iMMR decreased from 476 to 464 to 413 to 322 per 100,000 live births in the four time periods starting 1997 to 2003 (p = 0.01). For women assumed HIV-uninfected, the corresponding trend was 86 to 101 to 73 to 97 per 100,000 live births (p = 0.91), suggesting a stable iMMR.
| DISCUSSION
In this 19-year review of the evolution of HIV diagnosis and management in pregnancy, and trends in maternal deaths, the iMMR in HIV-infected women peaked in 2004 to 2009, followed by a progressive decline in the last six years of the review period, with a more substantial decrease in 2013 to 2015. This decrease in the iMMR coincides with several changes in the South African PMTCT and HIV management guidelines [13] [14] [15] [16] [17] [18] . The overall iMMR showed a similar trend to that in HIV-infected women, while that in HIV-uninfected women showed no downward trend. This highlights the importance of deaths in HIV-infected women in influencing trends in maternal mortality, and is also reflected in the South African National Confidential Enquiries into maternal deaths, which also report on the iMMR [6] . Data from the National Confidential Enquiries for the period 2011 to 2013 show a decline in the iMMR largely related to a decrease in deaths due to non-pregnancy related infections in whom 90% of the women were HIV-infected [6] . In our study, the proportion of maternal deaths with known HIV status increased over time, with an increase in pre-pregnancy diagnosis of HIV infection, but the majority were still diagnosed during pregnancy. While there was a significant increase in ART initiation, the majority of women died without ever starting ART, this in the context of advanced immune suppression. Non-pregnancy related infections remained the leading cause of maternal deaths in HIV-infected women throughout the review period. In the later periods, the characteristics of women with unknown HIV status had become more distinct from those who had tested. HIV unknown women more frequently did not access antenatal care, suffered early pregnancy complications, and died soon after admission to hospital -all reasons for not being tested for HIV. The majority of women who died had accessed antenatal care, but a high proportion of women with an unknown HIV status had not accessed any care. There was also a trend towards a relative increase in the proportion of maternal deaths known to be HIV-infected who had no antenatal carealmost a third in 2013 to 2015. The latest available figure for antenatal care coverage in South Africa is for 2014, and the reported coverage is 90% [19] . Our finding on rates of antenatal care attendance among HIV-infected women and women of unknown HIV status are hence lower than the national average, but similar to that reported in a review of maternal deaths in South Africa at the early stages of ART roll-out [20] . Black et al. [20] , in their five-year review of maternal deaths at a tertiary hospital, also found a high rate of nonattendance for antenatal care among the women who died. Our finding of an increase in HIV-infected women not accessing antenatal care in 2013 to 2015 is a reflection of the women who remain at risk of dying. Failure to access antenatal care is of concern as antenatal care remains the cornerstone for detection of HIV infection and identification of obstetric complications. Although antenatal care cannot impact on all causes of maternal mortality, it can have a significant impact in decreasing HIV-related mortality in high HIV prevalence settings, with early diagnosis and treatment of pregnant women identified as HIV-infected [21, 22] . In our study, the majority of HIV-infected women were diagnosed during pregnancy and this points to a need to increase routine HIV testing outside of pregnancy to allow linkage to care and early initiation of ART. Preconception ART is associated with a decreased risk of HIV-related maternal deaths [23, 24] .
There was a fall-off at all stages of the HIV management cascade, from HIV testing to assessment for ART eligibility, to initiation of treatment in those found to be eligible. In 2004 to 2012, with introduction and scale-up of availability of ART, less than half of the women had a CD4 count done to assess for ART eligibility. This highlights deficiencies in provision of services and delays in linkage to care. The number of women who were on ART at the time of death increased over time, but less than a quarter were initiated on ART overall, despite advanced immune suppression where the overall median CD4 count was 136 cells/ll. Even in 2013 to 2015 when all HIVinfected pregnant women were eligible for ART, 38.8% were not on treatment at the time of death. Missed opportunities along the HIV management cascade not only impact on maternal health, but have also been directly linked to the risk of MTCT [25] . In a South African national survey, a third of early infant HIV infections were found to be attributable to missed opportunities along the cascade [25] . Historically, delays in ART initiation during pregnancy were related to complex evaluation processes before starting treatment and the lack of integration of antenatal and ART services [26] . While ART initiation has been simplified, and integration of services has increased the proportion of pregnant women started on treatment, there are still individual and contextual factors that impact on ART initiation and retention in care [26] [27] [28] .
While a large proportion of HIV-infected women who died presented in the antenatal period, the majority of deaths occurred postpartum, and in most cases the conditions that led to the deaths occurred in the antenatal and intrapartum periods. This finding was similar among HIV-uninfected women and women with unknown HIV status. In our study, the leading cause of death among HIV-uninfected women and women with unknown HIV status were complications related to hypertensive disorders. Among HIV-infected women, almost two-thirds of maternal deaths were due to non-pregnancy related infections, the majority respiratory infections, including TB. This finding is consistent with data from reports on the Confidential Enquiries into Maternal Deaths in South Africa [6] . There was however a progressive decline in maternal deaths due to non-pregnancy related infections, starting in 2010 to 2012 and coinciding with the increase in CD4 count threshold for ART initiation in pregnant women and a greater proportion initiated on ART through integration of services. Respiratory infections are among the most important nonpregnancy related infectious causes of death among HIVinfected women [22, 29] . Physiologic and immunologic changes in pregnancy, and immune suppression related to HIV infection, are all thought to increase susceptibility to infections, including respiratory infections [22] . In our study, no data were available on the use of cotrimoxazole and isoniazid, both effective prophylactic interventions in HIV-infected individuals [30] . Data from South Africa indicate poor uptake of isoniazid preventative therapy among HIV-infected pregnant women [31, 32] . There have been concerns about the risk of hepatitis with isoniazid use in pregnancy, but available evidence suggests no increased risk even in pregnant women on ART receiving long-term isoniazid [33] . Among the pregnancy-related causes of maternal deaths, a threefold increased risk of puerperal sepsis has been reported in HIV-infected women, and the risk is said to be even higher, almost six times, following a caesarean section, consistent with our findings where the majority of cases of puerperal sepsis were secondary to caesarean sections [34] . The increased risk of puerperal sepsis has been attributed to the immune suppression associated with HIV infection [34] . Although the median CD4 count among women who died of puerperal sepsis in our study was higher than the median CD4 count overall, less than half were on ART at the time of death. Due to the limited number of published studies, it is not possible to determine the effect of ART on the risk of puerperal sepsis [34] . Data on the association between other obstetric complications and HIV infection are inconsistent [34, 35] . There is hence a need for improvements in identification and management of obstetric complications that may be aggravated by underlying HIV infection [11] . There is also a need to address the unmet need for contraception in both HIV-infected and uninfected women as prevention of unintended pregnancies also contributes to the reduction in maternal deaths [2] .
It is widely recognised that early initiation of ART needs to be scaled up if we are to see a sustained reversal in HIVrelated maternal deaths. At the end of our review period, it was still too soon to see the impact of lifelong ART for all pregnant and postpartum women. As ART programmes are scaled up, there is a need for strategies to increase retention in care, especially postpartum -a period associated with high rates of loss-to-follow-up [28] . Integration of maternal health and ART services, facility-and community-based support programmes, and male partner involvement are all strategies that have been used in improving retention in care [36] . In our study, there was limited information on women who had defaulted ART. Data from Malawi, one of the first countries to introduce Option B+, indicate high rates of loss to follow-up in the first year of starting ART, especially with ART initiation during pregnancy and when there was no maternal indication to start treatment [37] .
There are several strengths to our study, and these include a long review period with data spanning almost two decades, starting in the pre-ART era until ART became standard of treatment for all HIV-infected pregnant women. The other strength is the vigilance in storage of records of women who died in our obstetrics unit. A standardised classification for causes of death was also used, minimising the chances of misclassifications of maternal deaths. The main limitation was the absence of HIV status in a large proportion of women who died in the early years of the study period, giving artefactually low estimates of iMMR. In our study, 68% of women who died with a known HIV status were HIV-infected. Hence, the HIV prevalence in women with unknown HIV status could have been anywhere between 29%, the prevalence rate in pregnant women attending antenatal clinics, and 68%, the prevalence rate in women who died. The sensitivity analysis, with its given assumption, gave higher estimates of iMMR, especially for 1997 to 2003, but the significant downward trend for HIVinfected women remained, and appears to be a robust finding. Another limitation is the absence of information on deaths occurring outside the hospital obstetrics unit, but we consider this proportion to be small [7] . Ideally, this study should have included comparative data on the many thousands of HIVinfected women who gave birth at the hospital and survived. Gathering such information was beyond our capacity and mostly impossible, because hospital records were destroyed after five years of storage during most of the study periods.
| CONCLUSIONS
With scaling up of ART availability and better integration of antenatal and HIV management services in South Africa, we are starting to see a positive impact on maternal mortality in HIV-infected women. However, the MMR in HIV-infected women remains unacceptably high. Efforts to address drivers of mortality in this group of women, and barriers to accessing ART that still exist, need to be accelerated if we are to see substantial decreases in maternal mortality.
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